The digestive enzymes within the crystalline style of the surf clam, Spisula solidissima, were examined for possible future use in algal carbohydrate degradation. Measurement and characterization of enzymatic activities, contained in a simple homogenate and useful in polysaccharide breakdown has been accomplished. The activities of amylase, cellulase, and the major enzyme, laminarinase, were evaluated by determining the amount of glucose which was released from the appropriate substrates. The activity of a fourth enzyme, alginase, was detected by a modified thiobarbituric acid test which measured the mannuronic and guluronic acids produced from an algin substrate. Conditions for the best combination of coordinated enzymatic activity were evaluated, and the majority of the crystalline style enzymes could function to a satisfactory level at 37°C when the pH was maintained at 6.0.
INTRODUCTION THE CRYSTALLINE
style of the surf clam is part of the belly region, a troublesome waste product of the clamming industry. The style is a structure which contains an assemblage of carbohydrate digestive enzymes attached to a glycoprotein structure in one compact "package" (Shallenberger et al., 1974; Lindley and Shallenberger, 1977) . The style functions by rotating against the gastric shield to grind diatomaceous and algal food while initiating enzyme hydrolysis of carbohydrate polymers (Shallenberger and Herbert, 1974; Lindley and Shallenberger, 1976) . Recovery and utilization of the crystalline style may be considered as a possible source of increased revenue to the clam industry while reducing pollution and wastage.
In a study of marine invertebrates, Sova et al. (1969) examined the distribution of crystalline style laminarinase (EC 3.2.1.6) a @-l-3)-D&can hydrolase effective in hydrolyzing laminarin; a reserve carbohydrate found in the brown algae, Phaeophyceae (Craigie, 1974; Percival and McDowell, 1967; Volesky et al. 1970) . They concluded that the crystalline styles of Bivalvia, such as Spisula sachalinensis and Mactra sulcataria, contained the highest enzymatic activity. Sova et al. (1970) have isolated and separated five different carbohydrases from the crystalline style of Spisula sachalinensis:
laminarinase, amylase, cellulase, alginase, and chitinase. While defining optimum conditions of activity for the purified laminarinase, Sova et al. (1970) did not report the degree to which the other carbohydrase activities were present. Shallenberger et al. (1974) have reported on three enzymatic activities in the style of the surf calm Spisula solidissima; laminarinase, amylase, and cellulase. Laminarinase was found to be the major style carbohydrase. Lindley and Shallenberger (1976) further characterized laminarinase after extensive purification and separation from the other crystalline style enzymes by column chromatography.
The possible utilization of the style carbohydrases, in the form of an acetone powder, to hydrolyze malt glucans was explored by Lindley and Shallenberger (1977) . Effects of adsorbing laminarinase to an inert column support as a method of immobilization has also been studied (Lindley et al., 1976) .
It was the intent of this study to characterize the different enzyme activities from the crystalline style of the surf clam Spisula solidissima, the principal species harvested commercially (Bakal et al., 1978) . It was hoped that characterization studies of the soluble enzymes would determine the best coordination of activity so the majority of the enzymes could be utilized to function together for potential applications in algal processing.
METHODS&MATERIALS

Materials
The crystalline styles of the surf clam Spisula solidissima were obtained from Harbourside Aqua Foods Ltd. in Exeter, R.1. The following substrates were used to characterize the different enzymatic activities: Laminarin, Sigma Chemical Co.; Wheat and Potato Starch, U.S. Biochemical Corp.; Soluble starch, Allied Chemical; and Keltone Alginate, Kelco Co. Glucose was detected with the Glucostat Kit purchased from Worthington Biochemical Corp. Uniplate@ Silica Gel G thin-layer chromatography plates were obtained from Analtech, Inc. Silica Gel on plastic thin-layer chromatography plates was obtained from Brinkman Instruments. All chemicals were reagent grade. Distilled water was used throughout.
Methods
Preparation of soluble enzymes. The crystalline styles were individually frozen in polypropylene tubes and stored at -20°C until needed. A 0.6g wet weight sample of crystalline styles was homogenized in 10 ml of O.lM pH 5.0 acetate buffer and stored at 4°C. Prior to use, a portion of the enzyme stock was removed and a 1: 1 dilution with buffer was made to give a final style concentration of 30 mg/ml.
Laminariuase assay. This procedure was a modification of the laminarinase assay developed by Lindley and Shallenberger (1976) . A O.l-ml aliquot of the 30 mg/ml crystalline style homogenate was added to a 12-ml centrifuge tube containing 0.3 ml of 0.4% (w/v) laminarin solution in O.lM acetate buffer at pH 5.0 and 0.1 ml of distilled water to give a final substrate concentration of 0.24%. The reaction mixture was agitated at 175 rpm at 37°C in a shaker water bath. The reaction was stopped after 20 min by deproteinizing with 1.0 ml of 1.8% Ba(OH),*8H,O followed by 1.5 ml of distilled water and finally 1.0 ml of 2.0% ZnSO,-7H,O. The tubes were mixed thoroughly and centrifuged for 5 min at approximately 2000 x G. Glucose produced was estimated calorimetrically with a modified Glucostat procedure (Hourigan, 1976) . The chromogen vial, regularly associated with the Glucostat kit, was first diluted with 5.0 ml of distilled water. The chromogen and enzyme vials were then brought to a 100 ml volume with pH 7.0 O.lM sodium phosphate buffer. A 0.5-ml aliquot of supernatant was then reacted with 2.0 ml of Glucostat ,reagent at 37'C for exactly 10 min. The reaction was terminated by the addition of 0.2 ml of 5N hydrochloric acid. The absorbance was then read at 425 nm on a Baush and Lomb Spectronic 20 calorimeter equipped with a flowthrough cell. Glucose levels were determined by reference to a standard curve of known glucose concentrations ranging from O-100 fig/ml. The amount of glucose generated through enzymatic action was determined by subtracting the level of glucose initially present in a blank of substrate and enzyme homogenate from the glucose measured at the end of the reaction. The assay conditions were also studied at various temperature, substrate, and enzyme concentrations. The effects of temperature were studied at 37"C, 45°C and 50°C for 5 and 10 min. Laminarin concentrations ranging from 0.0125%-0.80% (w/v) were run for 10 min at 37°C. Enzyme homogenate concentrations were varied, ranging from 5 mg/ml -180 mg/ml, and run for 20 mm.
Amylase assay. Solutions of Argo corn starch, wheat starch, potato starch, tapioca starch, and soluble starch at 1.0% (w/v) were prepared in O.lM pH 5.0 acetate buffer. The 30 mg/ml enzyme homogenate, 0.1 ml, was added to a 12-ml centrifuge tube containing 0.3 ml of a 1.0% starch solution and 0.1 ml of 0.2M NaCl. The reaction mixture was agitated at 175 rpm at 37°C in a shaker water bath. Deproteinization and centrifugation followed, as outlined above, and the degree of amylase activity was evaluated by determining the amount of glucose released with the modtied Glucostat procedure, already described.
Cellulase Assay. The substrate, Whatman #l filter paper, was dispersed in O.lM pH 5.0 acetate buffer with a microblender and a final suspension of 4.3 mg/ml was obtained. The 30 mg/ml enzyme homogenate, 0.1 ml, was added to 0.3 ml of cellulose substrate and 0.1 ml of distilled water and agitated at 37°C. Employing the analytical procedures outlined in the laminarinase assay, deproteinization and centrifugation followed and cellulase activity was evaluated by measuring the amount of glucose released with the modified Glucostat procedure.
Alginase determination. Keltone algin at 0.4% (w/v) was dispersed in 0.1M acetate buffer as outlined by Kelco (1976) . The method of preparation was high sheer mixing. A stirrer was used and the powdered algin was added slowly onto the upper portion of the vortex. A l.O-ml aliquot of the 30 mg/ml enzyme homogenate was added to 3.0 ml of the 0.4% algin solution and 1.0 ml of distilled water and agitated at 37'C in a shaker water bath. Samples (0.2 ml) of the reaction mixture were removed at the desired time intervals and alginase activity was evaluated calorimetrically with a thiobarbituric acid method first developed by Waravdekar and Saslaw (1957) and further modifed by Weissbach and Hurwitz (1958) . The procedure of Weissbach and Hurwitz (1958) was followed closely with a few modifications. A 0.25-ml portion of 0.025N KIO, in 0.125N H,SO, was added to 0.2 ml of the reacted mixture and allowed to stand at room temperature for exactly 20 mm. Then 0.5 ml of 2.0% NaAsO, in 0.5N HCL was added, and the contents mixed vigorously, and permitted to stand for 2 min. This was followed by 2.0 ml of 0.3% 2-thiobarbituric acid (pH 2.3) which reacted with the aldehyde derivatives of guluronic acid and mannuronic acids by heating at 100°C for 10 min. The assay solution was cooled quickly in an ice bath, brought to room temperature, and the absorbance was read at 550 nm in a Baush and Lomb Spectronic 20. Initial levels were determined with an enzyme-substrate blank. Degree of algin degradation was determined from a standard curve of known 1,1,3,3-tetraethoxypropane concentrations ranging from O-25 pg/ml, which hydrolyzes under acid conditions to form malonaldehyde.
Thin Layer Chromatography Method. The basic thin-layer chromatography procedure followed was of Lee and Lillibridge (1976) with several modifications. At least 24 hr prior to use, a standard sealed glass chromatography chamber, lined with filter paper, was allowed to saturate with n-butanol/acetic acid/0.3M boric acid solvent. Silica gel plates on plastic or glass supports were activated for 1 hr at 100°C (Hart and Fisher, 1971 ) and stored in a desiccator until needed. Standards, at a concentration of 0.5% (w/v), and reacted mixtures, without deprotemization, were added to the TLC plates with disposable capillary tubes. Approximately 10 drops of reacted mixture were applied to insure adequate detection. Every application was dried with hot air to visual dryness. After the solvent front was allowed to migrate lo-15 cm from the top of the plate, the plate was removed and allowed to air dry for approximately 10 min to remove excess solvent. It was the placed in a 55-60°C oven for 1 hr. The color developer of 0.5% KMnO, in l.ON NaOH (Hart and Fischer, 1971; Randerath, 1966) was then sprayed on the plate with a glass atomizer and heated in a 55-60°C oven to facilitate drying and until distinct yellow spots on a purple background were observed.
pH Studies. Effect of pH 5.0, 5.5, and 6.0 on laminarinase, amylase, and alginase activities was studied. The enzyme homogenate was made in O.lM acetate buffer at either pH 5.0 or 5.5. The substrates were dispersed in O.lM acetate buffer at pH 5.0, 5.5, or 6.0. Assays were carried out as previously described and reaction products were evaluated with the analytical and/or TLC methods. Those studies run at pH 6.0 utilized the enzyme homogenate stored in pH 5.5 buffer for stability.
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Definition of activity. Expression of glucose production due to amylase, cellulase and laminarinase activity for the tables and graphs is based on 1.0 ml of assay mixture unless otherwise stated.
A unit of laminarinase activity was defined as that amount of enzyme needed to produce 0.1 micromole glucose/minute under the assay conditions described. AlI enzyme units are expressed as the amount per 1.0 ml of enzyme homogenate containing 30 mg/ml unless otherwise noted.
RESULTS & DISCUSSION
THE EXTENT to which product formation was proportional to time under the conditions set for the laminarinase assay is presented in Figure 1 . Linearity was maintained for 20 min. Initial velocity values or activity units for laminarinase were calculated from assays run for not less then 10 and not more than 20 mm which maximized reproducibility. Enzyme activity over this time period resulted in laminarin hydrolysis of 9-20%. Enzymatic hydrolysis of laminarin appeared to plateau at 45% by 2 hr. Based on an average weight of 0.6g, 10 ml of style homogenate with a concentration of 30 mg/ml contained approximately 6-7 units and one style contains 120-140 units of laminarinase activity.
The conditions of laminarinase assay were further evaluated by varying substrate concentrations. In the data illustrated by Figure 2 , it was evident that substrate inhibition was a problem. The best rate of approximately 30 pg/ml of reaction mixture/min was obtained at a final assay concentration of 0.24% or 2.4 mg/ml laminarin. The activity of laminarinase was subject to normal biological variability between clams. Therefore, any increase in substrate concentration much beyond 0.24%, though possibly increasing maximum velocity slightly, could manifest itself as substrate inhibition to an enzyme which was not quite as active. Figure 3 illustrates the effect of varying enzyme concentrations while using 0.24% laminarin and allowing the reaction to proceed for the maximum duration of linearity, 20 min. The homogenate, containing 30 mg/ml, used in the assay procedure, appeared to be appropriate for the conditions set. Though a slightly higher concentration of enzyme might result in increased activity while remaining linear for 20 min, an increase in enzyme concentration may result in a condition where linearity could end prior to 20 min and consequently erroneous data would be obtained.
The variation of laminarinase activity with temperature is shown in Figure 4 . Maximum activity, after a lo-min incubation time occurred at 5O'C. As noted by Lindley and Shallenberger (1976) for the purified enzyme, the high temperature optimum is surprising for a marine organism. Though not illustrated, the temperature optimum was 55OC for a 5-min assay. This would seem to indicate that with extended incubation of the enzyme, the operational temperature would be lower than the optimum due to instability.
Laminarin is essentially a linear fi( 1-3)-linked glucan and predominantly yields glucose upon hydrolysis with laminarinase. However, mannitol is also an important structural constituent of laminarin. Laminarin has been found to contain both glucose and mannitol terminated molecules (Craigie, 1974; Percival and McDowell, 1967) . Mannitol ranges from 2.4-37% of both soluble and insoluble laminarin depending on the source (Craigie, 1974) . Therefore, the laminarinase assay was followed for 90 mm with thin-layer chromatography to qualitatively determine any possible formation of other products from laminarin as a result of enzymatic hydrolysis. These would include the disaccharide laminaribiose, which was found to accumulate with lengthy hydrolysis (Sova et al., 1970) , and any higher oligosaccharides which might be formedby the hydrolytic reaction. Glucose, mannitol, laminarin, maltose, and all possible combinations were used as standards. Maltose, the (Y( 1-4)-glucan, was used as a comparison for laminaribiose. Samples of the reacted laminarinase assay were taken from 5-90 min and applied to the TLC plates.
The TLC results are illustrated by Figure 5 . Based on the Rf values and standard comparison, it was determined that compound #l was glucose. As interpreted from the color intensity, glucose increased dramatically with time until difference in color could no longer be detected visually. Compound #6, laminarin, and compounds 4 and 5, probably oligosaccharides resulting from partial hydrolysis, decreased with time. Since compound #3 migrated farther, it was considered a smaller oligosaccharide, which increased during the first 10 min and then began to decrease. The most interesting result of this procedure was the presence of compound #2. This product-seemed to form almost immediately and steadily increased. Based on its mobility, an Rf value only slightly greater than maltose, in comparison to the standards and other polymers, this compound was probably a disaccharide. Since there was no standard which could be used to positively identify this unknown, there seemed to be two possibilities: laminaribiose, or a glucose-mannitol. Whichever the compound was, it is important to note 'that its formation coincides with glucose.production.
Both end-products were the result of enzymatic action on laminarin. Figure 6 presents the results obtained from crystalline style homogenate activity, on various starches, in terms of glucose production. The crystalline style amylase exhibits varied activity on different starches. Whistler and Paschal1 (1965) described such varied activity as being typical of this enzyme system. The enzyme exhibited maximum activity on wheat starch after 2 hr, though the overall glucose production was similar with tapioca. The degradation of potato and soluble potato starches to glucose had the slowest rates and did not reach the same levels as wheat, tapioca, or corn. These results confirmed the findings of Shallenberger et al. (1974) as to the presence of amylase activity in the surf clam Spisula solidissima.
Since the amylases were quantitatively measured in terms of only 'glucose production, the total hydrolyzing capabilities of the amylase system were also evaluated with TLC. Thin-layer chromatography was used to examine the products of the reaction and establish the effect of pH on the amylase activity of the homogenate on starch. Tapioca was used as the substrate. As estimated by the color intensity of the spots of reacted mixtures, glucose, maltose and other small oligosaccharides increased as the pH of the reaction was increased from pH 5.0 to pH 6.0. Measurement,of the individual amylases was not accomplished. '. Following the conditions outlined by the amylase assay, indications of maltase activity were observed when a preliminary study was run using maltose as the substrate. Glucose values slowly increased in a linear manner after the enzyme homogenate was added to the reaction mixture. These results agree with Shallenberger et al. (1974) , who also found a small degree of maltase activity only in the presence of NaCl. The existence of maltase would infer that the total glucose measured in the amylase experiments was probably due to the combined action of the amylase and maltase enzymes.
Cellulase activity was also evaluated and the results are illustrated by Table 1 . Increasing the enzyme concentration five times increased the glucose production by a factor of seven after 2 hr. Under the conditions of this assay, cellulase activity within the crystalline style was limited.
Finally, alginase activity was discovered in this specie of Spisula. Figure 7 illustrates the effect of pH on alginase activity. An increase in pH from pH 5.0 to pH 6.0 resulted in an activity increase of nine times after 25 hr. The reaction at pH 6.0 exhibited proportional algin hydrolysis over the entire reaction period when compared to pH 5.0 and pH 5.5. Preliminary analysis wih 0.2M NaCl indicated a slight stimulation of alginase activity. Though alginase activity was present, it was not found in appreciable quantities when tested under the experimental conditions.
Since an increase to pH 6.0 would enhance the activities of amylase and alginase, the effect of pH on laminarinase was studied. As illustrated by Table 2 , there was an approximately 15% decrease in activity if pH 6.0 were used. The alginase and cellulase were considered marginal enzymes in the crystalline style. The overriding enzyme systems were laminarinase and amylase. The pH did not seem to have a serious affect on laminarinase activity, and the TLC results indicated the stimulation of amylase activity when the pH was increased above pH 5.0. Therefore, the conditions for operation of the combined style enzyme system activity appears to be pH 6.0 when the temperature is held at 37°C.
